Sequence motifs are responsible for ensuring the proper assembly of transmembrane (TM) helices in the lipid bilayer. To understand the mechanism by which the affinity of a common TM-TM interactive motif is controlled at the sequence level, we compared two well-characterized GxxxG-motif containing homodimers -those formed by human erythrocyte protein glycophorin A (GpA, high affinity dimer) and by bacteriophage M13 major coat protein (MCP, low affinity dimer). In both constructs, the GxxxG motif is necessary for TM-TM association. Although the remaining interfacial residues (underlined) in GpA (LIxxGVxxGVxxT) differ from those in MCP (VVxxGAxxGIxxF), molecular modeling performed here indicates that GpA and MCP dimers possess the same overall fold. We could thus introduce GpA interfacial residuesalone and in combination -into the MCP sequence to help decrypt the determinants of dimer affinity. Using both in vivo TOXCAT assays and SDS-PAGE gel migration rates of synthetic peptides derived from TM regions of the proteins, we found that the most distal interfacial sites, 12 residues apart (and ~18Å in structural space) work in concert to control TM-TM affinity synergistically.
INTRODUCTION
Following their biosynthesis and subsequent integration into a membrane, many transmembrane (TM) helices associate with other pre-formed helices to form functional membrane protein domains (1) . Specificity for a given helix-helix interaction is achieved through the appropriate presentation of complementary side chains, which serve as recognition elements between associating helices. The most highly studied, and apparently widespread, mode of association is mediated by the so-called GxxxG motif, which is known to act as a universal scaffold for the assembly of both TM helices (2) (3) (4) (5) (6) (7) (8) (9) and soluble a-helices (10) . The GxxxG motif -where two glycine residues are separated by any three amino acids on a helical framework -gives rise to a flat surface region on one face of the helix. This arrangement of Gly residues permits close approach of interacting helices, whereupon extensive packing interactions take place between pairs of surrounding residues. It has been proposed that a portion of the interactive strength of GxxxG-mediated associations may originate from inter-helix hydrogen bonds between Ca hydrogens and carbonyl oxygen atoms on the adjacent helix (11) .
The glycophorin A transmembrane segment (GpA-TM) is a well-characterized transmembrane helix dimer that associates with high affinity, principally using a central 4 using nuclear magnetic resonance (NMR) for the GpA dimer in both detergent micelles (12) and lipid bilayers (15) .
Despite the high occurrence of the GxxxG motif in transmembrane helices (7) , GpA-TM is the only GxxxG peptide dimer with a structure determined to high resolution (11) . Thus, it is not clear whether other membrane proteins containing this motif adopt a similar dimeric fold to GpA or have alternate structure. Moreover, it is not known how residues surrounding GxxxG motifs 'tailor' the affinity of their helix-helix interactions for the required structural and functional purposes. For instance, the transmembrane helix of the major coat protein of the M13 bacteriophage (MCP-TM) contains a GxxxG motif (2) and has been shown to self-associate using both in vitro (2, (16) (17) (18) (19) (20) and in vivo (21) techniques. However, unlike the highly stable GpA-TM dimer, the affinity of MCP-TM helix-helix self-association is comparatively weak (22) . Indeed, such low affinity appears to be a requirement for phage viability (18) -raising the intriguing notion that the MCP homodimer may not be optimized for stability, but is instead designed to be in flux between the monomeric and dimeric states during the life cycle of the phage (20) .
The GpA and MCP systems thus afford the opportunity to directly investigate the detailed mechanism by which the stability of a GxxxG-mediated interaction is either optimized (in the case of GpA) or not (in the case of MCP). In the present work, we establish initially -using a method developed to model TM helix oligomers (23) -that the primary sequence of MCP is compatible with the dimers of the type formed by GpA.
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GpA, individually or in combination, we assess the relative contributions of the interfacial sites in stabilizing TM helix-helix interactions, using both in vitro (TM peptides) and in vivo (TOXCAT) techniques. These combined approaches provide a model in which TM helix-helix interactive motifs are modulated through the propagation of long range cooperative interactions along a 12-residue segment of the oligomeric interface.
EXPERIMENTAL PROCEDURES

Computation of MCP oligomerization
The structure of MCP TM helix, 25-42; AWAMVVVIVGATIGIKLF, and mutants were built as uniform a-helices having the backbone torsion angle of f =-65˚ and y = -40˚, (24) using the InsightII Biopolymer package (Accelrys Inc). We used the backbone-dependent rotamer library program; SCWRL (25) to chose the side chain rotamers. Structure prediction of MCP dimer was carried out as described (23) . Briefly, the dimer optimization started with 200 pairs of helices placed in random orientations with respect to each other. Then, the packing interaction of each helix pair was optimized using the MC minimization method. The internal backbone and side-chain positions were kept fixed during the minimization, but the relative positions of the helices were given all six degrees of freedom. The energy function used is a softened van der Waals potential without any electrostatic component. The simulations were stopped after a maximum of 100,000 MC steps or if 15,000 steps occurred without moving to a lower energy. All six orientation parameters were changed during a step and a step of the same magnitude and direction was repeated if the previous step resulted in lower energy. The step size in each parameter was randomly selected. The temperature was initially set at 500K and decreased linearly to 0.1K over the first 50,000 steps. In this manner, we generated a large collection of independently optimized structures. After the MC simulations, the dimer structures were filtered to remove structures incompatible with the dimer symmetry. Then, we clustered the remaining structures by Ca RMS distances using NMRCLUSTER (26) . Finally, the median model from the largest cluster was selected as our final predicted structure. This method follows the hypothesis that the correct structure is likely to reside in a broader energy well than the other incorrect structures (27) and was previously successful in predicting homo-symmetric TM helix bundle structures (23) .
Peptide synthesis
Peptides corresponding to MCP residues 21 through 48 (with three added Nterminal lysine residues) were synthesized using standard Fmoc chemistry on a PerSeptive Biosystems Pioneer‰ peptide synthesizer. Synthesis employed the Pioneer's standard (45 min) cycle. Addition of Fmoc-protected labels was done during synthesis using an extended cycle (60 minutes). The HATU/DIEA activator pair was used with a four-fold excess amino acid. A low-load (0.18-0.22 mmol/g) PAL-PEG-PS resin was used to produce an amidated C-terminus. Peptides were cleaved with a cocktail of 88% TFA/ 5% phenol/ 5% ultrapure water/ 2% TIPS. Cleaved peptides were precipitated with ice-cold diethyl ether. Centrifuged pellets were dried in a dessicator, redissolved in ultrapure water, and lyophilized. Crude peptide powder was dissolved in water and 10 mg of peptide was loaded onto a C4 preparative RP-HPLC column. The major peak from a water/MeCN gradient was collected and lyophilized. Mass spectrometry was used to confirm the molecular weight of the purified peptide and the Micro BCA assay was used to determine peptide concentration. Analytical HPLC chromatography was employed to confirm the purity of peptides as >95% pure.
Circular Dichroism Spectroscopy
Circular dichroism spectra were recorded using a Jasco J-720 circular dichroism spectropolarimeter. Purified peptide samples were dissolved in buffer containing 10 mM Tris/10 mM NaCl, pH 7.2 with 20 mM SDS or 30 mM b-octylglucopyranoside. Spectra were obtained at peptide concentrations between 20 and 50 mM. Measurements were made using a quartz cuvette with a 0.1 mm path-length. Spectral scans were performed from 250-190 nm with a step-resolution of 0.2 nm, a speed of 20 nm/min, and a bandwidth of 1.0 nm.
SDS-PAGE
Samples were subjected to SDS-polyacrylamide gel electrophoresis using 4-12% NuPage precast gels (Novex, San Diego, CA). Samples were boiled for 5 minutes prior to loading.
Fluorescence Spectroscopy
Fluorescence spectroscopy (steady-state) fluorescence spectra were recorded on a Photon Technology International C-60 fluorescence spectrometer. Samples were examined in a stoppered 2mm x 10 mm quartz cuvette (Hellma, Concord, ON). Emission spectra were collected from 300 nm to 450 nm (lex = 295 nm), 0.1 second / nm, bandpass 2 nm for excitation and emission. Small unilamellar vesicles (SUV) of E.coli lipids were made using the following procedure. Peptide samples were frozen at -80ºC and lyophilized in rimless 12 x 75 mm glass pyrex tubes. E.coli polar lipid extract from Avanti Polar Lipids (Alabaster, AL), in chloroform was then aliquoted into tubes containing dried peptide samples. Organic solvent was removed using a dry nitrogen stream, and further lyophilized overnight. Samples were hydrated using 500 mL buffer (50 mM Tris-HCl, 50 mM NaCl, pH 8) and vortexed periodically for 30 minutes. SUV's were formed using bath sonication (30 sec bursts) until solutions were clear (10 minutes). 
TOXCAT chimera construction
CAT assays
Cell-free extracts were made by pelleting 200 ml of cells at an A 600 of 0.6, resuspending in 500 ml of 0.1M Tris, pH8.0, then lysing with 20 ml of 100 mM EDTA, A. After 90 minutes the reaction was halted by partitioning the [
RESULTS
Structural similarity of MCP and GpA dimer structures
We first investigated whether the MCP-TM can dimerize to form a structure similar to the known GpA-TM dimer (12, 15) , or if alternative structures might be preferred. We therefore applied an algorithm shown to be effective at modeling homooligomeric TM helix bundles when the number of subunits is known (23) . Using this program, a single, strongly favored model for the packing of MCP-TM was generated (see Materials and Methods). In this model, the glycyl residues from the GxxxG motif are juxtaposed in the dimer interface, thus facilitating close helix-helix approach.
Detailed examination of the final structure of the MCP-TM dimer revealed a strong resemblance to that of the GpA-TM dimer, notwithstanding significant differences in side chain volume of the non-Gly interfacial residues (Fig. 1 ). Both models display a righthanded, helix-helix crossing angle of approximately -40˚. The Ca RMSD between this model of the MCP-TM and the GpA-TM obtained from solid-state NMR distance measurements is only 1.6 Å and for GpA-TM from solution NMR measurements is 2.1 Å (RMSD between the structure from solid and solution NMR is 0.8 Å). Thus, the side chains on MCP-TM can be considered to be sterically compatible with the side chains in the GpA-TM dimer structure and vice versa.
Comparison of MCP model and GpA interfaces
If MCP-TM and GpA-TM dimers adopt similar structures, then the differences in their relative helix-helix affinity must be attributable to differences in interactions involving the non-Gly residues in the respective interfaces. Figure 2 shows an alignment of MCP and GpA sequences, with the interfacial residues labeled a through g. It is apparent that both interfaces possess -in addition to the embedded GxxxG motif at the c and e positions -a significant content of b-branched amino acids (V, I, T). It has been
proposed that b-branched residues, which have constrained rotameric freedom in an a-helical conformation, reduce the entropic cost of folding in TM proteins (7) . Despite these similarities in residue type, all five non-Gly interfacial residues (ab, d, f, g) differ between MCP (VV, A, I, F) and GpA (LI, V, V, T) (Fig. 2) .
Distal sites in the interface act synergistically to stabilize association: TOXCAT assays in bilayers.
To investigate how subtle differences in the interfacial residues of the GpA and MCP dimers contribute to helix-helix association, we first assessed how substitutions in MCP to the corresponding residues in GpA affected the affinity of dimerization in natural bilayers using the TOXCAT assay (28) . Figure 3 shows the sequences in the a-through-g regions of all constructs made and tested.
As expected, GpA-wt showed much higher affinity in the TOXCAT assay than MCP-wt (Fig. 4B) . In fact, the GpA-G83I mutant -considered to be largely monomeric -gave comparable CAT levels to that of MCP-wt. We note, however, that the GxxxG motif in GpA occurs near the N-terminus of GpA, while in MCP, the GxxxG motif is further towards the C-terminus (Fig. 4A) . As a result, the start and end points of the TM segments are not equivalent and thus, the relative positions of the GxxxG motifs are not equivalent. In order to ensure that the disparity in CAT levels did not arise simply from the different positions of the GxxxG motifs relative to the ToxR domains, we prepared an MCP construct -termed MCP-GpA -in which the entire interface (positions ab,d,f,g) of MCP was mutated to the corresponding GpA residues (Fig. 3) . As seen in Figure 4B , the MCP-GpA association is comparable to that of GpA-wt; the decrease observed for MCP-GpA may reflect the different positioning of the dimer interface in the bilayer, as described above. These experimental observations reinforce the notion that the GpA interface is optimized for TM-TM affinity relative to that of the MCP interface. The results for the MCP mutants shown in Figure 4C were thus normalized to the affinity of the MCP-GpA construct, as this is the maximum affinity expected for the MCP variants.
Assessment of the stabilization imparted to the MCP dimer by each of the singly substituted constructs (V30L, V31I and F42T), revealed little, if any, change in affinity as judged by the TOXCAT assay (Fig. 4C ). V30L enhanced dimerization only slightly, while V31I and F42T had no significant effect on dimerization. These results were expected for V31I; in our MCP model (Fig. 1) , the helices are rotated slightly, placing V31 on the surface, rather than the interface, so in the context of the MCP sequence, this position would not be expected to contribute much to dimer affinity. Moreover, at position b (I75 in GpA; V31 in MCP), it was shown previously that both an I75V mutation in GpA and -in the opposite direction -a V31I mutation in MCP, had little or no effect on dimer stability for GpA and MCP, respectively (3).
The lack of significant affinity enhancement observed for single MCP mutants V30L and F42T was perhaps unexpected especially given the dramatic effects the reverse changes have in the GpA background (see above). Thus, if interfacial residues contribute only individually to the stability of interacting helices, the results thus far would predict that no combination of these three mutants (V30L, V31I, F42T) should result in any additional stabilization of the MCP dimer. Yet, when the V30L and F42T mutants were combined to form the double MCP mutant V30L-F42T, a dramatic increase in stability was observed (Fig. 4C ) resulting in a signal measuring ~70% of MCP-GpA . That the resulting affinity of this construct far exceeded the additive sum of the two mutants (~45% MCP-GpA) indicates that V30L and F42T work in tandem to stabilize the dimer in a synergistic fashion. The increase in affinity observed as one progresses from the triply-substituted MCP (V30L-V31I-F42T), which is ~80% of the full MCP-GpA construct (V30L-V31I-A35V-I39V-F42T) thus points to a minor, but discernible, role for the d and f positions in contributing to dimer stability.
To investigate the mechanism underlying the stabilization imparted by the double mutant V30L-F42T, an additional mutant was generated where the g position was substituted to Val, while the V30L substitution was retained (Fig 4D) . For this double mutant (V30L-F42V), the size of the g side chain is retained, but the hydroxyl group is removed. The synergistic effect seen above for the V30L-F42T mutant was not observed for the V30L-F42V mutant (Fig. 4D) , suggesting a discrete role of the hydroxyl group in stabilizing TM dimer affinity.
Oligomerization states of synthetic transmembrane peptides.
We next characterized the behavior of several of the GpA/MCP hybrid mutants in the context of synthetic TM peptides. Peptides afford the opportunity -not otherwise accessible in the TOXCAT constructs -to perform additional biophysical analyses on the isolated TM segments. MCP TM peptides were designed to include the putative TM domain of MCP (residues 21-48) along with three non-native N-terminal Lys residues, which facilitate peptide synthesis, purification and characterization (20) . We reported previously that MCP TM peptides designed in this manner were in equilibrium between the monomeric and dimeric states (20) . The circular dichroism spectra of all the present TM peptide constructs were superimposable in both SDS and in n-octyl-glucopyranoside and indicate about 70% helical content (Fig. 5A) . The occurrence of a native Trp residue (W26) in all MCP peptides allowed us to use fluorescence spectroscopy to further assess whether single-or multiple-mutations to the interface affected the stable insertion of peptides into detergents and phospholipid bilayers. As shown in Figure 5B , W26 fluorescence was blue-shifted (327-331 nm) and identical in both MCP wt and MCPGpA, indicating comparable insertion properties in both detergent and phospholipid environments.
SDS-PAGE has proven to be a valuable tool to assess the association of TM segments for many different sequences (3, (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) . Figure 5C shows the migration behavior of the MCP peptide variants on SDS gels. We found that the migration of the TM peptides correlates well with the affinity measured by the TOXCAT assay. On the gels, a rapid equilibrium between monomeric and dimeric species is established, resulting in positioning of the dimer band as a function of both the degree of exchange and the relative population of the monomeric species. In particular, the low affinity MCP-wt peptide dimer migrates faster than the high affinity MCP-GpA peptide. Migration rates of other mutants are largely consistent with affinities determined by TOXCAT assays.
DISCUSSION
The GxxxG motif provides a basic scaffold responsible for mediating TM helixhelix interactions. Indeed, early studies on GpA found that the central GxxxG portion was the most crucial part of the interaction motif as judged by its hyper-sensitivity to mutation (3), and its ability to singularly mediate the assembly of otherwise monomeric sequences (41) . The universality of this motif was demonstrated in a study wherein libraries were used to randomly select high affinity TM sequences based on the two-intwo-out motif of GpA (6) . Though biased to this right-handed crossing motif, it was found that 80% of the high affinity isolates contained the GxxxG motif. The solution NMR structure of GpA further confirmed how the presence of the two Gly residues in the interface can facilitate the close approach of helices, thereby allowing extensive backbone-backbone and side chain-side chain interactions to occur (12) . Analytical ultracentrifugation experiments have shown that mutation of any interfacial position along the GpA-TM to Ala is energetically costly (42) . This is most significantly pronounced with Gly79 and Gly83 where the dimer is destabilized by 1.7 and 3.2
Kcal/mol respectively. It has been suggested that the GxxxG motif may derive much of its interactive energy from the Ca hydrogen of the Gly residues forming hydrogen bonds with the backbone carbonyls of the adjacent helix, which would have enhanced strength in the apolar lipid environment (11).
Here we undertook a comparative analysis of two GxxxG-containing TM sequences (GpA and MCP), both of which are involved in mediating homodimerization, but with very different affinities (22) , and sought to understand how the non-Gly interfacial residues control the affinity of association. Other than their common GxxxG motif, there is no sequence identity between MCP and GpA at the five remaining interfacial sites: a, b, d, f and g. However, based on previous mutagenesis studies of GpA (2) that examined these positions in an extensive library, we reasoned that the differences at the b, d and f positions would have only a marginal effect on affinity. As well, the observed hyper-variability observed at these sites in the high affinity isolates obtained by Russ et al. (6) , prompted us to focus principally on the a and g positions for the present study.
We found that it was necessary to convert both a and g positions of MCP to the corresponding GpA residues to impart the full stability effects, indicating that these residues -separated by 12 residues in the linear sequence and ~ 18Å, as seen in the GpA-TM structure -act synergistically to stabilize the interface. As illustrated schematically in Figure 6 , we propose that the strong coupling between these two residues can be explained by the changes in structure induced by position a, which propagate along the helical axes to bring the residues in the g position into close proximity, allowing formation of an interhelical Thr-mediated hydrogen bond, either between two Thr hydroxyl substituents, or as observed by Smith et al (43) , between the Thr hydroxyl and a backbone carbonyl group. The low affinity observed for the double mutant V30L-F42V 
CONCLUSIONS
Recognition and assembly between TM helices are likely controlled by a small set of core sequence motifs. Of these, the GxxxG motif is one of the most over-represented motifs in TM segments (7) . Using the comparative approach presented here wherein a 'weak' dimer (MCP) can be converted to a 'strong' dimer (GpA) in a residue-dependent manner, we were able to not only delineate the contribution from each residue to dimer stability, but also understand how side chains can communicate with each other over relatively long distances to synergistically control interaction affinity. Structurally, these results were validated by the gross similarity of the model structure of the MCP-TM dimer to the GpA-TM dimer. The 12-residue separation of the a and g positions along the TM helix indicates that long-range interactions play a direct role in folding of TM domains in membrane proteins. Thus, while the GxxxG Gly residues are determinants of 
